The effect of doping on the electronic properties in bulk single-walled carbon nanotube (SWCNT) samples is studied for the first time using a new in situ Raman spectroelectrochemical method, and further verified by DFT calculations and photoresponse. We use p-/n-doped SWCNTs prepared by diazonium reactions as a versatile chemical strategy to control the SWCNT behavior. The measured and calculated data testify an acceptor effect of 4-aminobenzenesulfonic acid (p-doping), and a donor effect (n-doping) in the case of benzyl alcohol. In addition, pristine and covalently functionalized SWCNTs were used for the preparation of photoactive film electrodes. The photocathodic current in the photoelectrochemical cell is consistently modulated by the doping group. These results validate the in situ Raman spectroelectrochemistry as a unique tool box for predicting the electronic properties of functionalized SWCNTs in the form of thin films and their operational functionality in thin film devices for future optoelectronic applications.
Introduction
In the last few decades, unique carbon allotropes have emerged based on sp 2 bonds, including fullerenes, graphene and carbon nanotubes (CNTs). 1 Single-walled carbon nanotubes (SWCNTs) are intriguing from the chemical point of view owing to their size and orbital structure and the existence of a broad range of chiralities. Progressively, SWCNTs are finding their way into critical electronic applications such as sensors or energy devices, which are becoming a commercial reality. [2] [3] [4] [5] To fully exploit the potential of SWCNTs, physicochemical methods have been developed to process pristine SWCNTs and adjust their optoelectronic properties. Among them, covalent functionalization is one of the most efficient strategies. In this way, SWCNTs have shown enough chemical versatility to undergo reactions not only with electron-deficient species, such as radicals, carbene or nitrene compounds, but also with electron-rich reagents such as alkali metals. [6] [7] [8] Most of the chemical functionalization procedures are sensitive to the electronic properties of the SWCNTs and can also lead to significant changes in their electronic structure. Previous works have discussed how SWCNTs can be selectively doped through functionalization, in which electrons or positive holes are introduced into their structure by interaction with either electron donor or acceptor groups. [9] [10] [11] [12] If there were one particular kind of covalent chemistry applied to SWCNTs as the most trusted methodology to achieve chemical doping, it would undoubtedly be the diazoniumbased reactions. 9, 13 Briefly, these consist of the thermally or electrochemically induced reaction of a diazo compound that evolves into an aryl radical capable of creating a cascade of radical reactions between SWCNTs and aryl moieties, ending up in stable C-C bonds between both units. 14 This scheme has been widely employed not only for altering the SWCNT electronic structure but also for grafting functional moieties with multiple anchoring possibilities. 15 More recently, the diazonium chemistry of SWCNTs has been used for the creation of bright, fluorescent quantum defects. Changes in SWCNT photoluminescence through covalent sidewall functionalization have proven enormously versatile. Some studies have reported that several photoluminescence features (such as emission energy and maximum brightness)
can be chemically tuned using withdrawing/donating substituents on the aryl functional group. 16, 17 It has even been shown that SWCNTs can be photoexcited to induce an acceleration in diazonium functionalization. 18 Even if the intended alteration of the SWCNTs' electronic structure is a fact, by means of diazonium chemistry or any other approach, on many occasions there is a need to unravel the nature of doping (negative, n-or positive, p-) and its extension. Transport measurements 19, 20 or thermoelectric power measurements, 21, 22 that require a sophisticated system, can be performed to investigate the Fermi level changes. However, these techniques are not usually adapted to distinguish between n-or p-doping. Optical techniques, such as near-infrared fluorescence and photoluminescence excitation, albeit very powerful, are exclusively limited to individual SWCNTs, which is often unviable in many samples and procedures. 23, 24 Raman spectroscopy is much more accessible and powerful as it is a non-destructive, contactless and quick technique that requires relatively simple or no preparation, and is greatly sensitive to changes in the physical and chemical properties of SWCNTs. 25 To characterize doping, Raman spectroscopy primarily relies on G-band shifts. 26 However, these changes in the G-band are sometimes masked by other effects, such as strain. In addition, the G-band frequency is only weakly dependent on the tubes' diameter, and therefore, in nanotube bundles one cannot extract shifts for individual tubes. Despite a few successful attempts reported in the literature, [27] [28] [29] an assignment of the up/down shift to a given doping process is still not straightforward. Therefore, alternative methods to determine the qualitative differentiation between n-and p-doping induced by functionalization would be beneficial. Ideally, the method should be suitable to tailor the electronic effects upon functionalization by various functional groups. A prospective method to address this task is in situ Raman spectroelectrochemistry, as it allows changes in the Raman spectra of SWCNTs during doping to be followed in a wide potential range in a precise and reproducible way. [30] [31] [32] [33] In the present work, we refer to a previously described functionalization scheme, based on diazonium chemistry. We controlled the experimental variables to end up in a high level of sidewall decoration with one or several functional groups, which can be further derivatized, and minimizing the oligomerization of reactive species. 34 This approach was adapted to obtain functionalized SWCNTs with two different grafted moieties, achieving the dual effect of high functionalization level and the tuning of their electronic structure. In situ Raman spectroelectrochemistry is used to investigate the radial breathing mode (RBM) and to assess the electronic structure of covalently functionalized SWCNT bundles. The proposed methodology allows unambiguous distinguishing between chemical p-and n-doping. The approach has been tested in bulk samples of SWCNTs, which represent the majority of applicable cases. The experimental results were supported by density functional theory (DFT) calculations. Furthermore, changes in the photoresponse of SWCNT films were recorded, as a proof of principle, confirming the effect of n-/p-doping when a specific functional group is attached to the SWCNTs.
Experimental

Materials and reagents
Pristine SWCNTs produced by the HiPco s process were purchased from Unidymt. The raw material was purified in-house using a non-oxidative method. 34 All other reagents and solvents were purchased from commercial sources and used without further treatment (details in the ESI †).
Functionalization of SWCNTs
Functionalization by diazonium-based radical addition starts with the reaction of a suitable aniline precursor with the organic nitrite. Briefly, purified SWCNTs were dispersed in N,N-dimethylformamide (DMF), aided by ultrasonication (5-10 min) at a concentration of about 1 mg mL
À1
. Then, 1.2 equiv. (per mol of C) of the desired aniline were incorporated (A-SWCNTs were functionalized using 4-aminobenzenesulfonic acid and B-SWCNTs using 4-aminobenzyl alcohol), and the system was stabilized at 80 1C. Afterwards, 3.2 equiv. of isopentyl nitrite per equivalent of aniline were dropwise incorporated into the system, and the mixture was allowed to react at 80 1C for 1 h. The whole reaction medium was then filtered (using a hydrophilic Teflon membrane pore size of 0.1 mm, Omnipore s ) and rinsed with DMF until the filtrate was colourless. The functionalized SWCNTs (A-SWCNTs and B-SWCNTs) were alternatively redispersed and filtered in DMF, water and methanol at 1 mg mL À1 several times. Finally, the filtered solid sample was rinsed in the filter with diethyl ether and left to dry at room temperature under vacuum.
Characterization techniques
Thermogravimetric analysis (TGA) was done using a TGA Q500 instrument (TA instruments) under a flow of N 2 (90 mL min À1 )
following a temperature programme that consisted of the isothermal equilibration of the sample at 100 1C for 20 min, followed by a ramp of 10 1C min À1 to 800 1C. The samples ranged from 1 to 2 mg. The ultraviolet/visible (UV/vis) spectroscopic measurements were done using a Shimadzu UV-2401PC spectrophotometer in quartz cuvettes with a path length of 1 cm.
Raman spectroscopy and in situ Raman spectroelectrochemistry
Raman spectra were acquired using a LabRAM HR Raman spectrometer (Horiba Jobin-Yvon), provided with laser excitation energies of 2.33 eV (532 nm, Ar/Kr laser, Coherent) and 1.96 eV (633 nm, He-Ne). A 50Â objective was used with a laser spot of about 1 mm. The laser power was around 1 mW and the spectral resolution was 1 cm
À1
. For the determination of positions and intensity ratios, Raman spectra in the tangential region (the G-band) were fitted by one Breit-Wigner-Fano (BWF) line shape and two Lorentzian functions (L1 and L2), which were assigned to the LO mode of metallic tubes (BWF), the TO mode of semiconducting tubes (L1) and the combination of the TO mode of metallic tubes and the LO mode of semiconducting tubes (L2). The D-band was fitted by a Lorentzian line shape (see Fig. S1 in the ESI †).
The three-electrode electrochemical cell for in situ Raman spectroelectrochemistry was assembled in a glove box. The working electrode was prepared by drop casting SWCNTs on a Pt wire undergoing a sonicated dispersion of SWCNTs in methanol. Another Pt wire was used as the counter electrode and a silver (Ag) wire as the reference electrode. Calibration for the Ag pseudoreference electrode was performed via cyclic voltammetry (CV) and the ferrocenium/ferrocene (Fc + /Fc) redox couple was used as an internal standard because of its ideal reversible behaviour, being the potential of the Fc + /Fc couple versus an Ag electrode:
Subsequently, 35 the potential of the Ag pseudoreference electrode is calculated to be À126 mV vs. the Ag/AgCl (3 M KCl) reference electrode:
The electrolyte solution was 0.2 M LiClO 4 (Sigma Aldrich) dissolved in dry acetonitrile. An Autolab PGSTAT (Ecochemie) potentiostat was used to apply potential. The potential was ramped to AE1.5 V in steps of 0.1 V, and Raman spectra were acquired at a constant potential at every step.
Theoretical modelling
The geometry of the unit cells has been optimized at the DFT level 36 using the SIESTA 3.2 package 37 within the Generalized Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 38 and periodic boundary conditions. The valence electrons are described within the Linear Combination of Atomic Orbitals (LCAO) approximation using a Double Zeta + Polarization (DZP) basis set 39 whereas TroullierMartins pseudopotentials 40 are used for the description of the core electrons. We use a mesh cut-off of 250 Ry and a k-sampling of 6 (4 -k) for the SWCNT (9,0) and 12 (7 -k) for the SWCNT (15,0) in the Monkhorst-Pack scheme, where the numbers in parentheses represent the k-points in the first Brillouin zone.
The electronic properties have been calculated by performing DFT calculations using the CRYSTAL09 package 41 on the previously optimized structures, using the PBE hybrid functional (PBE0) 42 and a 6-21G* basis set; it should be noted that there are no major differences in the studied properties when optimizing the structures with the CRYSTAL program at the PBE0 level (see Fig. S2 , ESI †); it should also be noted that SIESTA has demonstrated its ability to provide reliable optimized structures for large systems, such as the functionalized SWCNTs studied in this work, in a reasonable computational time; however, it is not able to calculate 1-D periodic properties and use hybrid functionals, thus explaining the choice of CRYSTAL. According to previous works, the PBE0 hybrid functional proved to describe the electronic properties in SWCNTs properly. 43 The threshold on the self-consistent field (SCF) method energy was set to 10 À7 Ha. The level of accuracy when evaluating the Coulomb and Hartree-Fock exchange integrals is controlled by tolerance values of 8 8 8 8 16. The k-sampling in the MonkhorstPack scheme used for calculating the electronic properties was the same as for the optimization step. According to the experimental data (as discussed later in the Results section), the ratio of carbon atoms functionalized vs. the total number of carbon atoms is 1/166 and 1/180, depending on the attached functional group. Thus, in our model structures, we defined the length of the repeat unit substituents that have been attached periodically to a top C atom of the nanotube. Following previous work, 44 the Fermi level is 21.3 Å for the SWCNTs (9,0) and a = 12.78 Å for the SWCNTs featuring a single substituent oriented along the z-axis to match the experimental functionalization coverage, namely a = (15,0). The resulting structures lead to a ratio of 1/180 for both families. Fig. 1 shows the model functionalized structures. The substituents have been attached periodically to a top C atom of the nanotube. Following previous works, 43 the Fermi level of the SWCNT has been calculated as the Dirac energy, which is defined at the center of the small energy gap.
Photoelectrochemistry
The photoelectrochemical experiments were performed using an AUTOLAB PGSTAT302N (Ecochemie) potentiostat. CV was carried out under a flow of nitrogen in a three-electrode cell using 0.1 M LiClO 4 (Sigma Aldrich) in dry acetonitrile as the supporting electrolyte. Graphite and Ag/AgCl were used as the counter electrode and the reference electrode, respectively. The working electrode was prepared by spray coating 1 mL of SWCNT dispersions (0.02 mg mL 
Results and discussion
Functionalization of SWCNTs
The functionalization degree on SWCNTs was first assessed by TGA (Fig. 2a) . The organic moieties were quantified as follows:
where L corresponds to the weight loss observed at 450 1C (in %) and the molar mass (M W ) is set for the expected desorbed moiety. The conversion factor (10 4 ) provides data in units of mmol g
À1
. 34 In addition, we used another formula to estimate the functionalization degree in terms of the number of functional groups per X carbon atoms in SWCNTs (1/X):
where X stands for the number of carbon atoms in the SWCNT per covalent functional group, WL (%) is the weight loss in the range of 100-650 1C, R (%) is the residual mass at 450 1C in the TGA plot and M W is the molar mass of the desorbed moieties. 34 This calculation considers SWCNT samples to be entirely constituted by carbon, which is indeed an approximation. The results obtained are summarized in Table 1 . The main conclusion extracted from the TGA is that both functional groups (benzenesulfonic acid or benzyl alcohol moieties) cover to a similar extent the SWCNT sidewalls. Having such a close degree of functionalization, further discussions regarding the observed differences between both functionalized SWCNTs (vide infra) should not be ascribed to a dissimilar functional group coverage. The functionalization reactions may strongly affect some of the SWCNTs' optoelectronic properties, such as their UV/vis spectrum (Fig. S3 in the ESI †) . In fact, the diazonium reactions of SWCNTs with 4-aminobenzenesulfonic acid and with benzyl alcohol derivatives, resulting in A-SWCNTs and B-SWCNTs, respectively, cause a total bleaching of the absorption bands of SWCNTs.
Raman spectroscopy
Raman spectroscopy under ambient conditions was performed for a preliminary assessment of the effects of covalent functionalization properties in A-SWCNTs and B-SWCNTs compared with SWCNTs (see Fig. 2b and c) .
The RBM, in which all carbon atoms of the SWCNT vibrate radially in phase, is observed at low Raman shifts between 100 and 350 cm À1 . The energy of the RBM depends inversely on the SWCNT diameter. 25 In Fig. 2b and c inset, changes in the RBM intensity and frequency are observed due to chemical functionalization. All the RBM bands of functionalized SWCNTs showed either bleaching or amplification compared with SWCNTs. However, nanotubes with mainly metallic character present large modifications in the RBM intensity (E M 11 yellow region) upon functionalization, in good agreement with the previous literature. 9, 34 The tangential modes are the most intense in SWCNTs and form the G-band, which is related to in-plane C-C bond stretching, at around 1590 cm
À1
. 25 The line shape of the G-band provides additional information about the metallic and semiconducting SWCNTs in resonance. With the 2.33 eV laser line, the G-band is highly asymmetric, which indicates that the band is narrower, indicating that mostly semiconducting SWCNTs are in resonance. 45 The intensity and the position of the G-band change with functionalization (see Table 2 ). This could indicate changes in the electronic structure, in doping or in the resonance conditions of SWCNTs contributing to the G-band. This result suggested that the functional groups attached to the SWCNTs lead to a change in the doping level of SWCNTs. 28 In addition, the SWCNT spectra presented in Fig. 2 reveal information about structural defects. The disorder-induced mode (the D-band) is observed at 1329 and 1312 cm À1 using 2.33 and 1.96 eV excitation energies, respectively. 25 The D-band intensity depends on the laser energy and also correlates with the degree of functionalization. 34, 46 The D-band increases with functionalization due to the formation of sp 3 defects on the nanotube surface where the functional group is covalently attached to the SWCNT wall ( Table 2) . In situ Raman spectroelectrochemistry
In situ Raman spectroelectrochemistry was applied to investigate in detail the changes induced in the electronic structure of SWCNTs upon functionalization. Electrochemical charging can be understood using a double layer capacitor model, where the SWCNTs act as the working electrode and the charge carriers are injected into the SWCNTs, while the electrolyte ions compensate the charge. Extra electrons or holes from the circuit are inserted into the SWCNTs, causing changes in the electronic structure and these changes can be followed by Raman spectroscopy. Consequently, when the potential is changing, the charge transfer leads to a shift in the Fermi level. Taking into account the fact that the RBM intensity of SWCNTs is sensitive to the doping level, 47, 48 we have here specifically followed the changes upon functionalization with the electron-withdrawing and electron-donating molecules. The potential-dependent Raman spectra for the RBM region of the SWCNTs in the acetonitrile electrolyte solution are shown, as an example, in Fig. 3 The opposite occurs when negative potentials are applied, from 0 V to -1.5 V; the electron density increases due to the upshift in the E F value (introducing electrons into the p-band). In this way, when the E F value reaches a van Hove singularity (vHs), the corresponding electronic transition is blocked, and the Raman signal is bleached.
For a more detailed analysis of the SWCNT metallic/semiconducting character and the doping level, the dependence of the RBM intensity on the electrode potential at the selected laser lines was studied (see Fig. S6 in the ESI †) . A difference in the profiles of the Raman intensity (I RBM ) vs. applied potential (E app ) of metallic and semiconducting SWCNTs has been previously reported. 47, 48 For semiconducting SWCNTs in resonance at 2.33 eV, the profile I RBM vs. E app exhibits a plateau close to 0 V. The I RBM profile is not significantly attenuated close to 0 V and starts changing only after the electrode potential reaches the first vHs.
In contrast, the intensity of the band for metallic SWCNTs is attenuated at potentials close to 0 V. A similar effect occurs for the SWCNT in resonance at the laser excitation energy of 1.96 eV. Therefore, for semiconducting SWCNTs, the profile of I RBM vs. E app at around 0 V is a plateau and for the metallic SWCNT, it is sharp and shows a maximum. So one can distinguish between metallic and semiconducting SWCNTs. 47 These assignments obtained using the I RBM vs. E app profiles are in agreement with the electronic transitions in the Kataura plot.
49-51
The I RBM vs. E app profiles of the SWCNT, A-and B-SWCNT samples are shown in Fig. 4 . The I RBM profiles of the bands in resonance via the E M 11 transition reach a maximum at a given optimum potential. We found that maximum I RBM for the metallic SWCNT vs. E app is shifted for the functionalized samples in comparison with SWCNTs ( Fig. 4b and c) . In the case of semiconducting SWCNTs, there is no noticeable shift because of the occurrence of a plateau instead of a maximum. For both laser excitation energies, the profiles of I RBM in resonance via E M 11 are downshifted for A-SWCNTs and upshifted for B-SWCNTs, in comparison to SWCNTs. This indicates that doping is induced on the SWCNTs by the functional groups attached to their walls. The benzenesulfonic acid moiety has a large electron affinity due to its structure composed of a benzene ring attached in the para position to a sulfur(VI) atom in a central part of a SO 3 H group. With three electronegative oxygen atoms, the SO 3 H group is strongly electronwithdrawing. It is necessary to apply an additional negative potential to reach the maximum peak of Raman intensity, pointing out that the A-SWCNTs are p-doped and the E F value is downshifted. In this way the valence band vHs is depleted and it is necessary to apply an extra negative potential to reach the neutral point. On the other hand, in the case of B-SWCNTs the maximum peak is shifted to positive potentials. This means that the E M 11 transition becomes occupied (n-doped, filling) because E F is upshifted, as benzyl alcohol gives electrons to the SWCNT electronic structure. 
Theoretical calculations
DFT calculations have been carried out to support the Raman spectroelectrochemistry results. As an example, we study two SWCNT families in resonance with the laser lines at 2.33 and 1.96 eV (Fig. 5) . The densities of states (DOS) of the functionalized SWCNTs have similar shapes but show shift in energy due to their different donor/acceptor substituents.
Theoretical calculations support that there is a shift in the Fermi level and the vHs due to the functionalization. As observed experimentally, the A-SWCNT functionalization yields a downward shift of the SWCNT Fermi level. On the other hand, the B-SWCNT functionalization takes place at the origin of an upward shift of the Fermi level with respect to the SWCNTs. The calculated shifts of the Fermi level are given in Table 3 .
Photoelectrochemistry
The unique densities of states of SWCNTs allow the electronhole separation upon photocurrent generation when they are exposed to light. 52, 53 Therefore, it can be expected that the doping effect induced in the functionalized SWCNTs would also be reflected in the photoelectrochemical properties. Testing the n-/p-doped functionalized SWCNT films in a three-electrode electrochemical cell, we study here the changes that occur in the photoresponse when chemical doping is introduced in the electronic structure of SWCNTs. Dark voltammograms for SWCNT, A-SWCNT and B-SWCNT film electrodes show the features that have been previously observed in the literature for similar systems, i.e. a 'bow tie' shape, 54, 55 with the narrowest part indicating the position of the Fermi level (see Fig. S7 in the ESI †). Fig. 6 summarizes the changes observed by CV under illumination. In particular, the current in the cathodic branch of the scan is modified when the lamp is alternately switched on and off (Fig. 6a) . Thus, the photocurrent can be calculated as the difference between consecutive on and off currents (I light À I dark ) at various E app values (Fig. 6b) . Photoanodic activity, typically less than 1 mA, was much lower than the photocathodic one (see Fig. S8 , ESI †). When the three SWCNT electrodes are irradiated, a negative photocurrent appears at potentials lower than À0.4 V. In previous literature, photoelectroactivity for SWCNTs has been observed in another electrochemical reaction. 56 In our work, the photocathodic process has to be observed at low scan rates (2 mV s À1 ), and the values observed for the photocurrent reached the noticeable value of ca. 20 mA. In these cases, the effects of the SWCNT functionalization are observed: A-SWCNTs show higher photocathodic currents than SWCNTs, indicating p-doping, while the contrary effect is observed for B-SWCNTs, indicating n-doping. Differences in photoanodic current between SWCNT, A-SWCNT and B-SWCNT films are not significant (see Fig. S9 , ESI †). However, in the case of photocathodic current, the differences between SWCNT, A-SWCNT and B-SWCNT films are above 5 mA. These results are fully consistent with those described in the preceding sections, and indicate that the photoelectrochemical properties of SWCNTs can be tuned by chemical functionalization.
Moreover, the chemically modified photoresponse can be predicted by using spectroelectrochemical techniques in a reliable manner, opening new possibilities in fields such as solar energy conversion and photosensors.
Conclusions
In summary, we have been able to determine the type of doping (n-/p-) of a bulk sample of chemically functionalized HiPco SWCNTs using an in situ Raman spectroelectrochemistry setup, studying the development of the RBM intensities in resonance via E M 11 during electrochemical charging. This method, which is validated by DFT calculations, can constitute a routine test to estimate the electronic effects of SWCNT functionalization. It can also be used to predict the electronic properties of functionalized SWCNTs in devices. As a proof of principle, functionalized SWCNT films were used as electrodes in photoelectrochemistry measurements. The current under light irradiation was influenced by the functional group, in agreement with the spectroelectrochemical information and theoretical calculations. The procedure can be extended to other functional groups and/or other reactions in the chemistry of SWCNTs.
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